Significance: Results uncovered new parameters of Orai1, STIM1 and PLA2g6 involvement in cell migration.
SUMMARY:
Store-operated Ca 2+ entry (SOCE), and its major determinants are known to be important for cell migration, but mechanism of their involvement in this complex process is unknown. This study presents a detailed characterization of distinct roles of Orai1, STIM1 and PLA2g6 in focal adhesion (FA) formation and migration. Using HEK293 cells, we discovered that while molecular knock-down of Orai1, STIM1 or PLA2g6 resulted in a similar reduction in migration velocity, there were profound differences in their effects on number, localization, and lifetime of FAs. Knock-down of STIM1 caused an increase in lifetime and number of FAs, their re-distribution towards lamellae region, and increase in cell tail length. In contrast, the number of FAs in Orai1-or PLA2g6-deficient cells was significantly reduced, and FAs accumulated closer to the leading edge. Assembly rate and Vinculin phosphorylation of FAs was similarly reduced in Orai1, PLA2g6 or STIM1-deficient cells. While
Orai1 and PLA2g6 accumulated and co-localized at the leading edge, STIM1 distribution was more complex. We found STIM1 protrusions in lamellipodia which co-localized with FAs, while major accumulation could be seen in central and retracting parts of the cell. Interestingly, knockdown of Orai1 and PLA2g6 produced similar and non-additive effect on migration, while knockdown of STIM1 simultaneously with either Orai1 or PLA2g6 produced additional inhibition. Together these data suggest that while Orai1, PLA2g6 and STIM1 play major role in formation of new FAs at the leading edge, STIM1 may also be involved in Orai1-and PLA2g6-independent disassembly of FAs in the back of cells.
INTRODUCTION:
Cell migration is a complex and highly regulated process that involves hundreds of different proteins and signaling molecules. To ensure efficient migration, a cell needs to integrate signals from both, the front and the back at the same time (1) (2) (3) , and deficiency in any of the mechanisms that determine either lamellipodia protrusion, or rear retraction of the cell can lead to impairment of its ability to migrate. Ca 2+ is essential for many processes that determine cell migration, including focal adhesion (FA) assembly and disassembly, and cytoskeleton dynamics (for review, see (4) (5) (6) ). Different Ca 2+ entry mechanisms have been proposed to control events at the leading edge and/or in the back of a migrating cell (7) (8) (9) (10) (11) , and store-operated Ca 2+ entry (SOCE) is thought to be one of them. SOCE is activated upon depletion of Ca 2+ from endoplasmic reticulum (ER) stores, and is mediated by plasma membrane store-operated Ca 2+ channel (SOC) that is encoded by Orai1.
SOC is activated in response to a signal created by STIM1, a low affinity Ca 2+ sensor located in the membrane of ER. Upon Ca 2+ depletion within the ER, STIM1 molecules cluster in close proximity to plasma membrane, where they may interact with Orai1 channels, leading to their activation and Ca 2+ influx (for review, see (12) (13) (14) (15) (16) (17) (18) (19) (20) . While conformational coupling and direct signal transduction from STIM1 to Orai1 appear to be sufficient for SOCE activation in overexpressed systems, additional endogenous mediators were found to be required for signal transduction from STIM1 to Orai1 in naïve cells (for review, see (20, 21) ). One of such mediators of endogenous SOCE is membrane-associated variant of phospholipase A 2 (iPLA 2 β) encoded by PLA2g6 gene (20, 22, 23) Several recent studies showed importance of endogenous SOCE and its major determinants (Orai1, STIM1 or PLA2g6) in overall cell migration, but their roles in specific adhesion events in different parts of the cell are yet to be determined. PLA2g6 was shown to be important for speed and directionality of migrating monocytes (24) , but specific variants of PLA2g6 involved in this process have not been yet identified. Orai1-induced Ca 2+ entry was found to accelerate adhesive events during inflammation by regulating polarity of neutrophils (25) . Another study showed that Orai1 is important for overall migration of endothelial cells (26) , and for endothelial tube formation. Studies focusing on STIM1 and Orai1 showed that both proteins are critical for effective migration of breast cancer cells and mouse embryonic fibroblasts (27) : knock-down or chemical inhibition of Orai1 or STIM1 decreased the number of migrating cells, their migration speed and cell invasion (metastasis), as well as decreased overall dynamics of focal adhesion. Knock-down of either Orai1 or STIM1 was also found to impair overall migration of vascular SMC (28) . Moreover, overexpression of the EF-hand mutant of STIM1 was shown to increase Ca 2+ influx, and enhance migration of epithelial cells after wounding (29) . Thus, while each major component of SOCE (Orai1, STIM1 and PLA2g6) was found to be important for cell migration, their individual input into this complex process is unknown, and it is totally unclear if each of them is required for the same or different steps of cell migration. Coordinated dynamics of FAs in different parts of the cell is one of the important prerequisites for effective cell migration (30) . New FAs get primed at the leading edge, assemble and mature from small focal contacts to large FAs (31, 32) within the lamellipodium, a sheet-like membrane structure consisting of a dense actin meshwork (33, 34 In this study we analyzed individual roles of endogenous Orai1, STIM1 and PLA2g6 in dynamics of FAs that drives different steps of cell migration, and discovered intriguing differences in their involvement.
EXPERIMENTAL PROCEDURES:
Cell culture and transfection:
Human embryonic kidney cells (HEK293) were cultured in Dulbecco´s modified Eagles medium (DMEM, Gibco, life technologies, Grand Island, NY, USA) supplemented with 1% Penicillin/Streptomycin (Gibco) and 10% fetal bovine serum (FBS, Gibco) at 37°C and 5% CO 2 . For siRNA transfection, 420,000 cells were seeded in a 35 mm dish 1 day before transfection. 5 µl of Lipofectamine2000 (Invitrogen, Life Technologies, Grand Island, NY, USA) were diluted in unsupplemented DMEM and incubated for 5 min. siRNAs (final concentration: each 10 nM, 20 nM of scrambled RNA transfection as control for double knock-down experiments) and 0.5 µg p (40) and/or 1µg pPLA2g6 myc (GenBank AF064594) were diluted in unsupplemented DMEM and incubated for 5 min. Afterwards, Lipofectamine2000 dilution was added to the siRNA/GFP dilution. After additional 30 minutes of incubation, the solution was added drop-wise to the dish containing unsupplemented DMEM during transfection. Cells were incubated for 4h and the transfection solution was exchanged against DMEM containing 10% FBS for 2h. Afterwards, cells were trypsinated and seeded in a 6 cm dish for Real Time PCR analysis or onto Fibronectin (Sigma, St. Louis, MO, USA) coated (2.5 µg/cm²) glass bottom dishes for staining, migration or FA dynamics analysis.
Immunofluorescence:
Cells were washed in warm PBS (phosphate buffered saline) and then fixed in warm 4% formaldehyde diluted in CB buffer (Cytoskeleton Buffer: 150 mM NaCl, 5 mM MgCl 2 , 5 mM EGTA, 5 mM Glucose, 10 mM MES, pH 6.1, (41)) for 20 min at 37°C. Cells were washed 3 times for 5 min in CB containing 30 mM Glycine, permeabilized in CB with 0.2% Triton X-100 or for myc staining with 0.5% Tween for 8 min, rinsed in CB and blocked in 5% fat free milk powder or in 3% BSA (for myc staining) in CB for 1 hour at room temperature. The samples were incubated with primary antibody (anti-Vinculin, 1:200, clone hVIN-1, Sigma, St. Louis, MO, USA; anti-Vinculin (pY1065), (1:200, Invitrogen); anti-myc, 1:100, 9B11, Cell Signaling, Danvers, MA, USA) diluted in 5% fat free milk powder or in 3% BSA in CB for 45 min at 37°C, washed 3 times with 5% fat free milk powder or 3% BSA/CB plus 0.2% Tween-20, followed by secondary antibody (1:200, Alexa594 anti-mouse; Alexa350 anti-rabbit, Invitrogen) for 45 min at 37°C in 5% fat free milk powder or 3%BSA/CB. Afterwards, samples were washed 3 times with CB plus 0.2% Tween-20 and rinsed with CB. For staining with antibody against phosphorylated Vinculin (pY1065) 10% goat serum was used as blocking and PBS for all solutions instead of CB.
Molecular knock-down and expression analysis:
Silencer Select® siRNAs were purchased from Ambion (Life Technologies, Grand Island, NY, USA) and used at the final concentration of 10 nM. The sequences used were the following: 5´-GCAACGUGCACAAUCUCAAtt-3´ for Orai1 (s39558), 5´-GCCUAUAUCCAGAACCGUUtt3´for STIM1 (s13561), a custom-made sequence 5´-GAUCAGCCUAAACAACCUAtt-3´ specific against PLA2g6(L) and negative control #1 (4390843).
Total RNA was extracted from siRNA/GFP transfected HEK293 cells with High Pure RNA Isolation Kit (Roche, Indianapolis, IN, USA) and cDNA was prepared using High Capacity RNA-to-cDNA Kit (Applied Biosystems, life technologies, Grand Island, NY, USA). RNA concentration was determined using a spectrophotometer. Quantitative real-time PCR (qRT-PCR) was used to measure gene expressions using the StepOnePlus real-time PCR system (Applied Biosystems) with the following Taqman Gene Expression Assays (Applied Biosystems):
Gene expression was normalized to control cells (transfected with negative control siRNA) and GUSB (glucouronidase beta) was used as endogenous control.
Imaging:
Imaging was performed using a Nikon Ti inverted fluorescence microscope equipped with a Perfect Focus system, CO 2 and heating incubation (InVivo Scientific), which allowed prolonged live cell imaging at well controlled physiological conditions (37°C and 5% CO 2 ). For migration analysis, images of moving cells were taken using phase contrast and green fluorescence every 3 min for 3 hours using a 20x S Plan Fluar, PH1 objective (Nikon, Melville, NY, USA). To cover larger areas of migration, images of 5x7 adjacent areas were taken and combined using the XYpositioning stage and the tiling feature of the NIS Elements software (Nikon). Immunofluorescence staining, GFP-and/or mCherry-tagged proteinexpressing cells were imaged using a 60x/1.4 Apo-Plan oil objective (Nikon) and filter sets for GFP (part number: 96362, excitation: 465-495, emission: 515-555, Nikon) and TexasRed (part number: 96365, excitation: 540-580, emission: 600-660, Nikon) illumination.
Live cell movement is illustrated by the movies (in supplemental material), which were created using NIS Elements software (Nikon) and ImageJ. For a better visualization, background of movie 1 was subtracted (rolling ball radius: 4.2 or 1.05 µm) and a median filter was applied (radius: 0.11 µm).
Vinculin and phosphorylated Vinculin (pY1065) in fixed cells were imaged using an LSM710 system (Zeiss, Thornwood, NY, USA). All images of each siRNA transfection condition were taken with a Plan-Apochromat 63x/1.4 oil objective (Zeiss) and with the same settings. The 488 nm argon laser line was used for imaging GFP. Emitted fluorescence was collected in the range of 492 nm to 586 nm. Excitation of Alexa594 was performed using the 594 nm HeNe laser. Emission was collected in the range of 604 to 698 nm. The 2-photon laser was set to 725 nm to visualize Alexa350. Emission was collected in the range of 415 to 492 nm. Representative immunofluorescence images ( Fig.7 and 9 ) were background corrected in ImageJ using the rolling method (rolling ball radius: 0.54 µm). Afterwards, a median filter (radius: 0.05 µm) was applied.
Overall migration analysis:
HEK293 cells were transfected with scrambled RNA, siRNA against Orai1, STIM1 or PLA2g6, and simultaneously with GFP (to mark effectively transfected cells). For double knockdown experiments, cells were transfected with scrambled RNA (20 nM), and a mixture of siOrai1 and siPLA2g6 (10 nM each), or siOrai1 and siSTIM1, or siPLA2g6 and siSTIM1. Cells were imaged every 3 min over 3 h. Before analysis, movies were drift corrected using the StackReg plugin (Philippe Thévenaz, Biomedical Imaging Group, Swiss Federal Institute of Technology, Lausanne, Switzerland) in ImageJ (Wayne Rasband National Institutes of Health, Bethesda, MD, USA). Cell migration velocities and pathways were analyzed 72 and 96 h after transfection using ImageJ. Only GFP transfected and single migrating cells were analyzed. To track the pathways of the cells (48- concentration from standard 2mM (used in all other experiments) to about 2 µM (in the absence of Ca 2+ buffers is known to remains in the media).
Cell area and tail analysis: Cells were transfected with siRNAs, or scrambled RNA, and imaged 72 h or 96 h after transfection. Spreading areas of 58-77 cells out of two independent transfections were analyzed manually using the NIS elements software (Nikon). The cell size and minimal area occupied by non-spread cells (n=20) was evaluated by measuring the diameter and area of rounded-up cells right before their division. The length of the rear tail was determined in 5 randomly picked images (image size: 1644 µm x 1816 µm) of a 3 h time-lapse movie and the 10 maximal tails under each condition were measured out of two transfections (n=100 cells per condition). The minimal time difference between each picked image was 30 min. A two-sided, unpaired T-Test was used to reveal significant differences. .
Focal adhesion analysis:
To analyze FA number per cell, as well as their size and distribution, HEK293 cells were transfected simultaneously with GFP and scrambled RNA, siRNA against Orai1, STIM1 or PLA2g6, fixed and stained for Vinculin 96 h after transfection. FAs were analyzed using an ImageJ macro script written by Dr. Lai Ding. Briefly, images were background corrected by rolling ball method (rolling ball radius: 0.54 µm) and filtered with an unsharp mask filter (radius: 0.32 µm) and a median filter (radius: 0.05 µm). FAs were identified by thresholding images. Afterwards, a binary image was created and particles with a minimal size of 20 pixels (1 pixel: 0.107 µm) were assigned as FAs. Miss-located FAs were erased manually. The leading edge was drawn for each image manually. The macro automatically measured size (µm²) of each FA (23-35 FAs were analyzed), number of FAs per cell (275-444 FAs in 10-15 cells were analyzed) and the minimal distance to the leading edge using the center of mass of each FAs. The data were exported and analyzed with Excel. For FA distribution analysis only adhesions within a maximal distance of 14 µm from the lamellipodium were used. The cross sectional areas of FAs located within a 1 µm distance from the leading edge were analyzed. A two-sided, unpaired T-Test was used to analyze significant differences in FA areas and the U-Test to reveal significant differences in the number of FAs.
FA phosphorylation was analyzed and compared in siRNA (or scrambled RNA) and GFP transfected cells. 96 h after transfection the cells were fixed and stained for total Vinculin (Vin) and phosphorylated Vinculin at position 1065 (pVin, 165-271 FAs were analyzed). The positions of FAs were identified by filtering (see above) Vin images using ImageJ. Thresholding the images manually created a binary images which were analyzed using the analyze particles tool in ImageJ. Miss-located FAs were erased manually and ROIs (region of interest) of FAs were saved. Fluorescence intensities in these areas (ROI) were measured separately for the Vin and the pVin channel and ratios (pVin/Vin) were calculated using Excel. A two-sided, unpaired TTest was used to test for significant differences.
To analyze FA dynamics, cells were transfected with siRNA/scrambled RNA and GFP Vinculin. 72h after transfection cells were imaged for at least 15 min. FA lifetime FAs were analyzed) and assembly rate (FA/min, 10 cells per condition) were measured manually using the point tool in ImageJ. FA lifetime was defined as the time from the moment of FA formation to its disassembly. For a better visualization of FAs images were background corrected using ImageJ by rolling ball method (rolling ball radius: 0.11µm). To avoid miscalculation of the lifetime, due to FAs with usually shorter lifetime formed at the outermost sides of moving cell or of FAs assembled in already retracting areas of the cell, only FAs assembled in the center of the lamellipodium with a protruding front were analyzed. T-Test was used to test for significant differences in FA lifetime and the U-Test to reveal significant differences in FA assembly rate.
Statistical analysis:
An unpaired, two-sided T-Test, or the UTest were used to reveal significant differences. In the figures the following p-values were identified: *** = < 0.001, ** < 0.01, * < 0.05.
RESULTS:

Similarities and differences in major parameters of cell migration after molecular knock-down of Orai1, STIM1 or PLA2g6.
To assess the overall migration, we monitored random movement of individual HEK293 cells during 3 hours. Migration tracks of control cells (transfected with scrambled RNA and GFP) are presented in Figure 1A , and show their random migration pattern with a calculated mean migration velocity of 0.88±0.02 µm/min (n=73). To determine individual roles of Orai1, STIM1 and PLA2g6 in the migration process, HEK293 cells were transfected with specific siRNA targeting each of these genes. qRT-PCR analysis showed that 48 hours after transfection, mRNA for Orai1 and STIM1 was reduced by 80±1% and 66±7%, respectively (Fig. 1B) . To knock-down specific long variant of PLA2g6 (PLA2g6(L)), we used a new custom-made siRNA, which specifically targeted exon 8b that is present in long, but spliced out in short variant of PLA2g6. Figure 1B shows that in 48 hours mRNA for PLA2g6(L) was reduced by 76±1%. There was no significant reduction in mRNA for short PLA2g6(S) (the change was 18±20%). and PLA2g6 for cell migration, and showed that molecular knock-down of either of them results in rather similar decrease in the speed and distance of their random migration. However, a closer look at other parameters of their migration revealed some important differences. Figure 2A shows phase contrast images of live control, siOrai1, siSTIM1 and siPLA2g6 cells, in which one can notice that the overall appearance of the cells may be different. Detailed analysis of the tail length (Fig.2B ) and spreading area (Fig.2C ) highlighted these differences. Figure 2B shows that mean tail length of siSTIM1 cells was significantly increased, while there were no changes in the cell tail length in siOrai1, or siPLA2g6 cells. We also found that while spreading area occupied by siOrai1, siSTIM1 or siPLA2g6 cells was significantly smaller than in control cells, such reduction was more pronounced in siOrai1 and siPLA2g6 cells (Fig.2C) . Since the size of the cells was identical under all tested conditions (mean diameter of round-up cells before their division was 27.5± 0.3µm), the differences in their actual spreading could be even bigger. To better estimate their actual spreading, the area occupied by the non-spread cells could be subtracted (as indicated by the dashed line in Fig.2C ), resulting by guest on November 19, 2017 http://www.jbc.org/ Downloaded from in the actual spreading area in siOrai1 or siPLA2g6 cells being reduced by 49% and 50%, respectively. In contrast, actual spreading area in siSTIM1 cells was only decreased by 33%. All together, these data demonstrate that although siOrai1, siSTIM1 and siPLA2g6 cells show a similar reduction in migration velocity, other parameters of their migratory behavior (such as tail length and spreading area) show significant differences, which may arise from different FA dynamics.
Down-regulation of STIM1, but not Orai1 or
PLA2g6, increases the number and lifetime of focal adhesions.
GFP
Vinculin was expressed and live cell imaging was used to visualize FAs in migrating cells. Simultaneously, the cells were cotransfected with scrambled RNA or siRNAs against Orai1, STIM1 or PLA2g6. We found that the number of FAs per cell was significantly higher in siSTIM1 cells compared to siOrai1 or siPLA2g6 cells, but not to control cells (Fig.3A , for comparison see images in Fig.9A ). In contrast to STIM1-deficient cells, siOrai1 or siPLA2g6 cells exhibited a significant decrease in the number of FAs per cell compared to control cells. Representative images of cells used for this analysis are shown in Fig.9A . Knock-down of STIM1 also increased the lifetime of FAs compared to control cells, while knock-down of Orai1 or PLA2g6 did not have a significant effect (Fig.3B) . These data suggest that STIM1, but not Orai1 or PLA2g6 may play some role in FA disassembly.
Accumulation of STIM1 in the areas of focal adhesion disassembly during migration.
Our new findings of the distinctive role of STIM1 in tail retraction (Fig.2B ), FA number (Fig.3A) and their lifetime (Fig.3B) (Fig.4A) . Importantly, even in resting (non-stimulated) conditions, overexpressed STIM1 forms clusters at the bottom of the cell in close proximity to plasma membrane that could be detected in the same focal plane as GFP Vinculin-tagged FAs. Fig.4B demonstrates that at time 0 (when the cell is moving downward, as seen in movie 1), there is no visible accumulation of STIM1 around FAs in the front of the cell (area highlighted by the star). When the cell changes direction, STIM1 accumulates right next to preformed FAs (Fig.4C , star region) that are now located at the retracting end of the moving cell. This is followed by FAs disassemble (Fig.4D) , which may further suggest important role of STIM1 in regulation of FA disassembly.
Co-localization of Orai1 with PLA2g6 at the leading edge, and STIM1 protrusions in lamellipodium.
To assess the events leading to FA formation, we took a closer look at SOCE components in the leading edge of polarized cells. Live imaging of the cells expressing GFP-tagged Orai1 revealed its accumulation at the leading edge, as can be seen on the consecutive images in Fig.5A . The image of a fixed polarized cell (Fig.5B) shows that PLA2g6 accumulates in the same area, where it co-localizes with Orai1. While STIM1 seems to mainly accumulate in central lamellae region and retracting ends of the cell (Fig.4 and movie 1 To further assess individual roles of endogenous Orai1, PLA2g6 and STIM1 in FA dynamics, we analyzed spatial distribution of FAs within the lamellipodium of cells deficient in each of them. Figure 7A shows representative images of Vinculin staining in polarized cells transfected with scrambled RNA (control), siRNA against Orai1 (siOrai1), STIM1 (siSTIM1) or PLA2g6 (siPLA2g6). In our analysis we focused on distribution of FAs located in the lamellipodium within a distance of 14 µm from the leading edge (Fig.7A, marked with white line) . The absolute quantities of FAs analyzed in 3-6 cells per condition as a function of the distance from the leading edge is shown in histograms (Fig.7B) , and separated for three areas of lamellipodium: front (0-2 µm from the edge), middle (2-12 µm) and lamellae region (12-14 µm). One can notice that knock-down of STIM1 led to an increased number of FAs in lamellae region with small changes in the front of lamellipodium. In comparison with control cells, there was a 6 fold increase in the number of FAs in lamellae region (from 1.1 to 6.3%), with little change in the front (from 37.6 to 43.2%) or middle (61.3 to 50.5%) of lamellipodium. In contrast, down-regulation of Orai1 (Fig.7B) (Fig.8A) . At the same time, analysis of the size of FAs in fixed cells unmasked a significant increase in the area of FAs located up to 1 µm from the leading edge in siOrai1, siSTIM1 or siPLA2g6 cells (Fig.8B , compare images in Fig.7A ). These findings suggested that the maturation state of FAs may be altered in cells lacking either of the SOCE components. Vinculin phosphorylation at position 1065 is an indicator of the maturation state and age of FAs (43, 44) . Newly formed FAs are known to exhibit a relatively high level of tyrosine phosphorylation, which decreases upon FA maturation (45) . It was shown recently that phosphorylation of Vinculin correlates with FA assembly rate at the leading edge of migrating cells (46) . To verify that the observed reduction in FA assembly rate correlates with changes in Vinculin phosphorylation at position 1065, cells were transfected with scrambled RNA, siRNA against Orai1, STIM1 or PLA2g6, fixed and stained for total Vinculin (Vin, red) and phosphorylated Vinculin (pVin, green), and pVin to Vin ratio (pVin/Vin) was calculated as a direct indicator for the age of FAs (Fig.9A ). This analysis confirmed that FAs in siOrai1, siSTIM1 or siPLA2g6 cells were less phosphorylated in comparison to control cells (Fig.9B) . Interestingly, STIM1-deficient cells appeared to have the oldest FAs with pVin/Vin significantly lower than in Orai1-or PLA2g6-deficient cells.
Confirmation of additional Orai1-independent role of STIM1 in cell migration.
While some parameters of cell migration, FA by guest on November 19, 2017 http://www.jbc.org/ Downloaded from formation and maturation found in STIM1-deficient cells resemble those found in siOrai1 or siPLA2g6 cells, the changes found in FA distribution and lifetime in siSTIM1 cells clearly stand out, and suggest that STIM1 may be also involved in additional Orai1-and PLA2g6-independent pathways. To test this, double knockdown approach was used, and the effects on migration were compared in cells in which two SOCE components were knocked-down at the same time. qRT analysis (Fig. 10A) showed that 72 h after transfection with siRNAs against two out of three targets (paired in different combinations) were down-regulated by 67-77%. Figure 10B confirmed that deficiency in each individual component of SOCE caused very similar reduction in the speed of cell migration (similar to that shown in Fig.1) . And yet their combined knock-down showed striking differences. Indeed, simultaneous knock-down of Orai1 and PLA2g6 caused the same effect as each of them individually, consistent with their participation in the same process. However, knock-down of STIM1 together with either Orai1 or PLA2g6 caused a significant additional reduction in migration velocities (Fig. 10B) , confirming its additional (Orai1-and PLA2g6-independent) role in cell migration.
DISCUSSION:
Summarizing the results of this study, we may conclude that, although Orai1, STIM1 and PLA2g6 are all essential for cell overall migration, their individual roles in dynamics of FAs may not be exactly the same. Systematic analysis and sideby-side comparison of the effects of molecular knock-down of each of these molecules (individually, or in combination) on a wide range of parameters of migration and FA dynamics revealed not only similarities, but also important differences, which bring new light to specific roles of Orai1, STIM1 and PLA2g6 in coordinated processes in the leading and trailing regions of the migrating cell.
We found that molecular knock-down of either Orai1, STIM1 or PLA2g6 caused a similar reduction in velocity and distance in migrating HEK293 cells (Fig.1) , which was consistent with earlier reports in other cell types (24, 27, 47) . However, the speed of migration is determined by both, accurate formation of new FAs at the front of migrating cells and regulated disassembly of FAs at the back (2, 32, 43) . Impairment of either of these totally different processes will inevitably lead to a slower speed of cell migration. Similar effects of Orai1, STIM1 and PLA2g6 deficiency on the speed of cell migration found in this and prior studies cannot tell much about what is really changing within the cell, and why the cell lacking any of the SOCE components cannot move as fast as control cell.
One of the parameters of cell motility is spreading area, which is a measure of the ability of a cell to adhere properly. Our studies revealed that although spreading area is reduced in cells deficient in either of SOCE components, the extent of such reduction is significantly different (Fig.2) . Surprisingly, while spreading areas of siOrai1 or siPLA2g6 cells were the same, siSTIM1 cells retained a much better ability to spread. Moreover, polarized STIM1-deficient cells (but not siOrai1 or siPLA2g6 cells) had a much longer tail, which is usually an indicator for deficient FA disassembly at the back of migrating cells. These significant differences suggest that STIM1, but not Orai1 or PLA2g6 may be involved in regulating FA disassembly at the back of a cell.
Close analysis of FAs revealed that only in STIM-deficient cells FA lifetime was increased compared to either control, siOrai1 or siPLA2g6 cells (Fig.3) . In addition, we detected STIM1 clusters forming in areas of the cells where FAs disassemble (Fig.4 and movie 1) . In striking contrast to STIM1, knock-down of Orai1 had no effect on the length of the tail or FA lifetime. This unexpected result indicates that FA disassembly and rear detachment may be regulated via interactions of STIM1 not with Orai1, but rather with TRPC1 channels, as was proposed for epithelial cells after wounding (29) . Our new findings of FA re-distribution and increase in their number in central (lamellae) region in polarized STIM1-deficient cells (Fig.6 ) further supports the idea of STIM1 involvement in FA disassembly.
In contrast to siSTIM1 cells, Orai1-or PLA2g6-deficient cells did not show lengthening of the tail (Fig.2B) , or increase in FA lifetime (Fig.3B) , or enrichment of FAs in lamellae region (Fig.7) . Instead, we found significant reduction in the overall number of FAs (Fig.3A) , and accumulation of FAs very close to the leading edge with a complete loss of FAs in the lamellae region in polarized siOrai1 or siPLA2g6 cells (Fig.7) . These findings, together with newly discovered accumulation and co-localization of Orai1 and PLA2g6 at the leading edge of the cell (Fig.5 ) strongly suggest that Orai1 and PLA2g6 are equally required for the process of formation of new FAs at the leading edge of the cell. Protrusions of STIM1 at the front edge can provide an important trigger for PLA2g6-dependent Orai1 activation, and initiation of FAs formation (Fig.6, movie 2) . Finding Orai1, PLA2g6 and STIM1 at the points of formation of new FAs demonstrates their close association, and highlights their shared role in FA assembly, which is one of the most important parameters that determine cell´s ability to migrate. Interestingly, while the role of Orai1 and PLA2g6 could only be linked to FA formation at the front, the involvement of STIM1 in FA dynamics was more complicated. Multiple locations of STIM1 strongly support its association with both, assembly of new FAs in the leading edge, and disassembly in the retracting parts of the cell.
We found that although the effect of STIM1 down-regulation was less pronounced, assembly rate of FAs in the front (lamellipodia) area of the cell was reduced in both siOrai1 and siSTIM1 cells (Fig.8A) . To look deeper into the process of FA formation, we analyzed the age of FAs in polarized cells (Fig.9) , which was assessed by the level of tyrosine phosphorylation of Vinculin at position 1065, which is known to be high in newly formed FAs and decreases with their age (46) . Consistent with all our other data, cells deficient in Orai1 turned out to have FAs significantly older (with about 32% less Vinculin phosphorylation) than control cells, which further supports the idea of Orai1 involvement in assembly rate and formation of the new FAs. Importantly, FAs in siSTIM1 cells appeared to be even older than in siOrai1 cells (with up to 70% less Vinculin phosphorylation), which is consistent with our findings that siSTIM1 cells had more FAs with a longer lifetime. In agreement with older age of FAs, their size was also increased in either Orai1-, or STIM1-deficient cells (Fig.8B) . These results are consistent with STIM1 dynamics observed in live cells (Fig. 4 and 6 , movie 1 and 2) being involved in two different processes that are coordinated in time and space: disassembly of FA in the back (presumably in cooperation with TRPC1 or other channels), and assembly of FAs in front (in cooperation with Orai1). The additional reduction of migration speed in double knock-down experiments of Orai1 and STIM1 (Fig.10) further supports this conclusion.
Striking co-localization of Orai1 and PLA2g6 at the leading edge and their very similar role in formation of new FAs was revealed in our studies. Indeed, the assembly rate of FAs was reduced (Fig.8A) , and their age was increased to the similar degree in siOrai1 and siPLA2g6 cells (Fig.9) . Further, simultaneous knock-down of Orai1 and PLA2g6 did not have any additional effects on cell migration (Fig. 10 ). The only difference we found was the size of FAs, which was bigger in siPLA2g6 cells (Fig.8B ). This may signal for additional Orai1-independent role of PLA2g6 in yet another process that can determine lamellipodia formation and actin dynamics, like F-actin polymerization, as was suggested in monocytes (24) . It is important to emphasize that all prior studies of the role of PLA2g6 on migration were done in cells deficient in both, cytosolic (short) and membrane-associated (long) splice variants of PLA2g6 (24, 48) . Here, we specifically focused only on the membraneassociated (long) variant of PLA2g6 that we believe is involved in SOCE mechanism (23) . All the data presented in our new study were obtained in cells in which long, but not short variant of PLA2g6 variant was knocked down using a new custom-made siRNA (developed against the Pin region that exists only in the long variant). Thus, our study showed for the first time the importance of specific long variant of PLA2g6 in the process of cell migration, and its co-localization with Orai1 at the leading edge of the moving cell.
The generation of Ca 2+ microdomains is known to be critical for different steps of cell migration (49) (50) (51) , and a variety of signaling proteins involved in FA formation and disassembly are known to be sensitive to Ca 2+ . For example, calpain1 and 2 are known to become activated by calcium and in turn cleave FA components to facilitate FA formation or rear retraction (52) (53) (54) (55) . Ca 2+ can also directly activate α-actinin which crosslinks F-actin and therefore is essential for FA maturation at the front of migrating cells (32, 56) . The assembly of contractile actin fibers is necessary for FA maturation and release, which depends on the activation of myosin light chain kinase (MLCK) that phosphorylates the myosin light chain in a Ca 2+ -dependent manner (57, 58) . Recent studies also showed a correlation between calcium influx and cAMP-dependent protein kinase (PKA) regulation (6) . PKA is known to be a key regulator during cell migration via recruitment of the active GTPase Rac to the leading edge and therefore promoting FA turnover, lamellipodial formation and cell polarity (59, 60) . There is also some evidence for a correlation between Ca 2+ signaling and activation of GTPases like Rac or Rho (8, 27) , including the important finding of the recovery of migration deficiency caused by downregulation of Orai1 or STIM1 by expressing constitutively active Rac (27) . In our study we found that Orai1 is accumulated (and co-localized with PLA2g6) at the leading edge of the cell, and is essential for formation of new FAs, which suggests that this specific channel may be responsible for providing PLA2g6 (E). Cells were monitored and plots were generated exactly as described in (A). 
